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Abstract 

In  this  program,  we  demonstrated  high-efficiency  small-molecule  photovoltaic  cells 
based  on  subphthalocyanine  (SubPc)/C6o  planar  heterojunctions  with  an  inverted  layer  sequence 
compared  with  conventional  organic  cells.  The  top-illuminated  inverted  device  achieves  a  power 
conversion  efficiency  of  2.4  ±  0.2%,  or  approximately  75%  that  of  a  conventional  planar 
SubPc/C6o  solar  cell  on  indium-tin-oxide-coated  glass  (with  a  power  efficiency  of  3.3  ±  0.1%). 
The  open-circuit  voltage  of  the  inverted  devices,  optimized  by  tailoring  the  work  function  of  the 
layers  adjacent  to  the  donor  and  acceptor,  is  comparable  to  the  conventional  cell.  This  work 
suggests  that  the  inverted  devices  are  promising  for  use  on  opaque  and/or  flexible  surfaces. 
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Our  task  in  this  DARPA  program  was  to  demonstrate  organic  solar  cells  that  have  the 
potential  for  being  mounted  on  flexible  substrates  such  as  metal  foils.  Conventional  OPVs  are 
deposited  onto,  and  illuminated  through  a  glass  substrate  coated  with  a  transparent  conductor, 
e.g.  indium  tin  oxide  (ITO).  Top-illuminated  devices  that  eliminate  the  need  for  a  glass  substrate 
are  of  interest  because  they  can  be  deposited  onto  opaque,  light-weight  and  possibly  flexible 
materials  allowing  for  use  in  cost-efficient  architectures  such  as  in  roll-deployable  solar  cells, 
power-generating  paints  or  other  coatings,  as  is  required  by  the  DoD  for  mounting  on  tents  and 
other  flexible  substrates. 

In  a  conventional  small-molecule  OPV  cell  (with  the  structure:  transparent  substrate/  ITO 
anode/donor/acceptor/metal  cathode),  a  buffer  layer  such  as  bathocuproine  (BCP)  is  inserted 
between  the  acceptor  and  cathode  to  prevent  exciton  quenching1.  Despite  its  high  (relative  to 
vacuum)  lowest  unoccupied  molecular  orbital  (LUMO)  energy,  BCP  provides  efficient  electron 
transport  through  defect  states  created  when  the  metal  cathode  is  deposited  onto  the  organic; 
however,  these  states  are  largely  absent  for  inverted  organic-on-metal  interfaces2.  To  address  this 
issue,  previous  top-illuminated  devices  utilized  a  bottom  metal  anode  and  a  transparent  top 
cathode  (thin  metal3'5  or  ITO6)  without  changing  the  deposition  sequence  of  the  organic  layers  or 
the  polarity  of  the  electrodes.  Although  defect  states  at  the  cathode  are  present  in  such  structures, 
the  resulting  solar  cells  have  limited  efficiency  because  the  optical  field  distribution  is  not 
optimal  relative  to  the  position  of  the  donor  and  acceptor  layers.  For  example,  the  C6o  acceptor 
absorbs  short  wavelength  light  between  A  =  400  mn  and  500  mn,  and  thus  should  be  placed  near 
the  reflective  metal  cathode,  while  the  phthalocyanine  donor  absorbs  longer  wavelengths,  and 
hence  should  optimally  be  adjacent  to  the  transparent  anode.  Note  that  “inverted”  has  also  been 
used  to  describe  bulk  polymer  cells  where  the  carrier  collection  direction  is  changed  upon 
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insertion  of  metal  oxides  such  as  TiC^  or  M0O37’8.  It  was  found  that  the  M0O3  pins  the  open- 
circuit  voltage  (Foe)  by  screening  the  effects  of  the  top  electrode7. 

In  this  work,  we  demonstrate  a  top-illuminated  organic  solar  cell  based  on  vacuum- 
deposited  subphthalocyanine  (SubPc)  and  C60,  with  an  inverted  layer  structure  optimized  for 
maximum  absorption  of  the  optical  field.  Efficient  electron  extraction  is  achieved  by  eliminating 
the  BCP  layer,  thereby  also  eliminating  the  need  for  defect-induced  injection  into  this  material.  A 
M0O3  buffer  layer  is  deposited  between  the  donor  and  the  sputtered  ITO  top  electrode.  In 
addition  to  preventing  damage  to  the  donor  layer  during  ITO  deposition,  M0O3  contributes  to 
hole  extraction  and  the  suppression  of  electron  leakage9.  The  effects  of  varying  the  M0O3  layer 
thickness  and  cathode  materials  are  also  investigated. 

To  prepare  both  conventional  and  inverted  devices  shown  schematically  in  Fig.  1,  bare 
and  ITO-coated  glass  substrates  were  cleaned  by  a  standard  solvent  regimen  followed  by  UV- 
ozone  treatment10.  Materials  were  deposited  at  a  rate  of  2  A/s  for  metals,  and  1  A/s  for  purified 
organics  and  M0O3  in  a  high-vacuum  (base  pressure  <  4  x  10"7  Torr)  thermal  evaporation 
chamber.  Prior  to  the  deposition  of  the  top  contact,  samples  were  transferred  to  a  high  purity  N2 
ambient  (<  1  ppm  H2O  and  O2)  where  a  shadow  mask  defining  arrays  of  1  mm-diameter  circular 
openings  was  attached.  The  top  ITO  contact  was  sputter-deposited  at  a  power  of  40W  (0.2  A/s) 
and  a  pressure  of  2  mTorr  using  Ar  plasma1 1 .  All  deposition  rates  and  thicknesses  were  measured 
by  quartz  crystal  monitors  and  checked  by  variable-angle  spectroscopic  ellipsometry.  Device 
performance  was  measured  in  air  using  a  semiconductor  parameter  analyzer  in  the  dark  and 
under  illumination  from  a  150  W  Xe  lamp  with  AM1.5G  filters  using  standard  procedures12. 
Lamp  intensity  was  varied  with  neutral  density  filters  and  measured  by  an  NREL-calibrated  Si 
photodiode.  A  transfer-matrix  formalism  was  used  to  simulate  the  optical  field  and  absorption, 
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FIG.  1.  (Color  online)  Current  density  vs.  voltage 
characteristics  of  conventional  and  inverted  solar  cells 
with  the  structure  (1)  indium  tin  oxide  (ITO)-coated 
glass/SubPc  110  A/Cfio  400  A/BCP  70  A/Al  1000  A  in 
the  dark  (squares)  and  under  1  sun,  AM1.5G  simulated 
illumination  (solid  line);  (2)  ITO-coated  glass/SubPc  110 
A/C 6o  400  A/Al  1 000  A  in  the  dark  (circles)  and  under  1 
sun,  AM1.5G  simulated  illumination  (dashed  line);  and 
(3)  glass/Al  1000  A/C60  500  A/SubPc  90  A/Mo03  100 
A/ITO  400  A  in  the  dark  (triangles)  and  under  1  sun, 
AM1.5G  simulated  illumination  (dash-dotted  line).  Fits 
according  to  the  theory  in  text  are  indicated  by  the  thin 
solid  line,  short  dashed  line  and  short  dash-dotted  line  for 
devices  (1),  (2)  and  (3),  respectively.  The  light  is  incident 
via  ITO. 


and  to  predict  the  short-circuit  current 
(Jsc)  of  the  devices1.  The  absorption 
spectra  of  the  materials  were  measured 
using  a  Lambda  1050  UV/Vis/NIR 
spectrophotometer. 

Previously,  conventional  planar 
small  molecule  OPVs  lacking  a  BCP 
blocking-layer  have  exhibited  greatly 
reduced  efficiency13,14;  however,  we 
find  that  SubPc/C6o  devices  with  Al 
cathodes  can  achieve  similar 
performance  without  BCP,  yet  is 
sensitive  to  the  C6o  layer  thickness. 
The  comparable  performance  is 
achieved  when  C6o  is  thick  enough  to 


prevent  the  excitons  generated  within  a  diffusion  length  of  the  donor-acceptor  (DA)  interface 


from  migrating  to  the  metal-C6o  interface  where  they  quench,  yet  is  not  too  thick  to  negatively 


impact  performance  by  increasing  resistance  or  placing  the  peak  optical  absorption  far  from  the 


DA  interface.  Under  simulated,  1  sun  AM1.5G  illumination,  the  device  with  BCP  (Device  1,  Fig. 


1)  showed  a  responsivity  ( R  =  JsdPo,  where  Po  is  the  incident  light  intensity)  of  0.048  ±  0.001 


A/W,  a  fill  factor  FF  =  0.63  ±  0.01,  and  Foe  =  1.10  ±  0.02  V,  leading  to  a  power  conversion 


efficiency  of  rjP  =  3.3  ±  0.1%,  while  the  device  without  BCP  (Device  2,  Fig.  1)  achieved  i/p  = 


3.0  ±0.2%,  with  R  =  0.049  ±  0.001  A/W,  FF  =  0.61  ±  0.03  and  Voc=  1.01  ±0.02  V. 
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To  prevent  damage  to  the  donor  during  ITO  deposition,  a  M0O3  buffer  layer  was  inserted 
into  the  following  inverted  structure:  glass/Al  1000  A  /C60  500  A  /SubPc  90  A/M0O3  100  A/ITO 
400  A  (Device  3  in  Fig.  1).  This  device  showed  f-jp  =  0.86  ±  0.08%,  with  R  =  0.032  ±  0.002 
AAV,  FF  =  0.48  ±  0.01  and  Voc  ~  0-56  ±  0.02  V  under  1  sun,  AM1.5G  illumination.  For  the 
inverted  device,  the  ideality  factor  n  =  2.0  ±  0.1,  series  resistance  Rsa  =  4.9  ±  0.1  Q-cm2,  and 
reverse  saturation  current  density,  Js  =  (2  ±  1)  x  1 0"5  mA/cnr,  were  obtained  by  fitting  the  dark 
current-voltage  (Jd-V)  characteristics  with  the  modified  Shockley  equation15. 


The  low  Voc 


(a)  (b) 


of  the  inverted  device 
is  attributed  to  the 
lower  work  function 
of  sputtered  ITO 
(4.03eV)  as  compared 
to  commercially- 


FIG.  2.  (Color  online)  Device  characteristics  measured  under  simulated  1  sun, 
AM1.5G  illumination  for  the  structure:  glass/Mg:Ag  1000  A/Cgo  500  A/SubPc 
90  A/M0O3  t  A/ITO  400  A  where  t  =  100,  300,  500,  and  700.  (a)  Measured 
open-circuit  voltage,  Voc  (squares),  calculated  Voc  (dashed  lines),  and  fill 
factor,  FF  (triangles)  vs.  M0O3  thickness,  (b)  Power  conversion  efficiency,  t]P 
(squares),  and  responsivity  R  (triangles)  vs.  M0O3  thickness. 


deposited  and  UV- 
Ozone-treated  ITO 
(4.7eV)  used  in  the 


conventional  cell11.  This  decreases  the  built-in  electric  field  (Em)  from  1.2xl07  V/m  to  6.8X106 


V/m  for  an  ITO  or  sputtered  ITO  anode,  respectively.  Accumulated  charge  at  the  interface  can 
result  in  an  S-shaped  J-V  characteristic16,  which  is  not  observed  here.  Therefore  in  calculating 
the  electric  field,  we  assume  that  all  free  carriers  are  depleted  from  the  active  region,  and  hence 
the  field  is  uniform  throughout  the  device.  Without  a  sufficient  Em,  the  charge  separated  pair 
that  forms  at  the  donor-acceptor  interface  on  exciton  dissociation  is  likely  to  recombine,  leading 
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to  reduced  Jsc  and  Voc ■  This  is  also  reflected  by  the  increase  in  the  ideality  factor  from  1.89  ± 
0.06  for  the  conventional  cell,  to  2.0  ±0.1  for  the  inverted  cell,  indicating  a  larger  recombination 
current.  The  decreased  fill  factor  is  primarily  due  to  the  higher  series  resistance  of  the  device,  a 
result  of  the  higher  contact  resistance  of  the  C60/AI  interface  compared  to  that  of  an  AI/C60 
interface. 

To  increase  Voc,  a  series  of  inverted  devices  was  fabricated  with  varied  M0O3  layer 
thicknesses  (t)  from  100  A  to  700  A,  while  using  a  low  work  function,  5  vol.  %  Mg:Ag  cathode. 
It  was  found  that  Voc  increases  from  0.78  ±  0.02  V  to  1.02  ±  0.02  V  when  t  changes  from  100  A 
to  300  A,  and  saturates  for  thicker  M0O3  films,  as  shown  in  Fig.  2a.  Consistent  with  optical 
simulations,  the  responsivity  peaks  at  t  =  300  A,  yielding  tjp  =2.4  ±  0.2%,  as  shown  in  Fig.  2b. 

The  measured  absorption  of  M0O3  films  on  quartz  substrates  is  shown  in  Fig.  3.  The 
absorption  edge  corresponds  to  the  M0O3  band  gap17  (Eg).  It  is  found  to  increase  by  0.43  eV  as  t 
increases  from  100  A  to  300  A,  and  saturates  thereafter.  The  absorption  edge  is  also  influenced 
by  optical  interference.  After  subtracting  this  effect,  the  increase  in  Eg  is  approximately  0.3  eV 
over  this  range  of  thicknesses.  It  has  been  found  previously  that  the  work  function  of  M0O3 
( <J>  Mo0  )  increases  logarithmically  with  the  layer  thickness18.  The  energy  shift  improves  device 

performance  by:  (1)  creating  a  greater  difference  between  the  LUMO  of  M0O3  and  SubPc, 
thereby  reducing  the  electron  leakage  current,  and  (2)  promoting  band  bending  in  the  highest 
occupied  molecular  orbitals  (HOMO)  of  SubPc  at  the  SubPc/Mo03  interface. 

The  parallel  resistance,  Rp,  and  the  photocurrent  density,  Jph,  are  found  at  ,J  =  0  using19: 


nkT 

Voc= - ln 


JphiVoc)  ,  V, 


J  c 


+  1- 


oc 


RPJS 
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where  q  is  the  electron  charge,  k  is  the  Boltzmann  constant,  and  T  is  the  absolute  temperature. 
Typically9  Jph/Js  »1  and  Voc/Rp  «  JPh(V),  and  hence  Voc  depends  logarithmically  on  Jpi,/Js- 
By  assuming  a  constant  Jph(V)  =  Jsc,  the  calculated  Voc  matches  the  experimental  data  for 
conventional  cells,  but  overestimates  that  of  the  inverted  cells  by  10%  (see  Table  1  and  Fig.  2a, 
dashed  line).  This  is  likely  due  to  the  reduction  in  Jph  with  increasing  voltage,  deviating  from  the 

assumption  of  a  constant  Jph. 

As  inferred  from  the  energy  level  diagram  of 
the  MoCVSubPc  interface  in  the  inset  of  Fig.  3,  the 
increase  in®Mo0 with  thickness  reduces  the  energy 

difference  between  the  valence  band  maximum  of 
M0O3  and  the  FIOMO  of  SubPc,  consequently 
producing  steeper  band  bending  when  these 
materials  are  brought  into  contact.  This  favors  hole 
extraction  from  SubPc  to  the  contact,  reflected  by 
the  decrease  in  the  ideality  factor  with  M0O3 
thickness  changing  from  100  A  to  500  A  (see  Table 
1).  When  the  M0O3  thickness  reaches  700  A, 
however,  the  increase  in  device  resistance  becomes 
dominant  and  the  ideality  factor  increases  again.  The  combined  effects  of  the  reduced  electron 
leakage  and  enhanced  hole  extraction  due  to  the  presence  of  M0O3  results  in  a  maximum  Voc  = 
1.02  ±  0.02  V,  close  to  that  of  the  conventional  device. 

Finally,  the  influence  of  the  cathode  work  function  (®ca/)  on  performance  was 
investigated,  with  results  shown  in  Fig.  4.  Values  used  for  Q>Cat  are  from  Ref.  20.  Flere,  1000  A 


FIG.  3.  (Color  online)  Measured  absorption 
spectra  for  100  A  (solid  lines),  300  A  (dashed 
lines),  500  A  (dash-dotted  lines),  700  A 
(short  dashed  lines)  thick  M0O3  films  on 
quartz  substrates.  Inset :  Schematic  band 
diagram  of  the  MoCh/SubPc  interface  for  a 
M0O3  thickness  of  t  =100  A  (upper)  and  500 
A  (lower). 
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Cathode  work  function  (eV)  Cathode  work  function  (eV) 

FIG.  4.  (Color  online)  The  influence  of  cathode  work  function  (®Car)  on 
device  characteristics  under  1  sun,  AM1.5G  illumination.  Sample  structure: 
glass/cathode  1000  A/C60  500  A/SubPc  90  A/M0O3  t  A/ITO  400  A  with 
cathode  compositions  of  Mg:Ag,  Al,  Ag,  Au  and  t  =  100  A  (open  symbols) 
and  500  A  (closed  symbols).  Cathode  work  functions  (from  Ref.  20)  are 
indicated  by  dashed  vertical  lines,  (a)  The  dependence  of  FF  (triangles  and 
dashed  lines)  and  Voc  (squares  and  solid  lines)  on  ® Cat-  (b)  The  dependence 
of  rjp  (squares  and  solid  lines)  and  R  (triangles  and  dashed  lines)  on  ®ca«- 


thick  layers  of  Ag, 
Au,  Al  and  Mg:Ag 
were  used  as 
cathodes,  with  M0O3 
t  =  100  and  500  A. 
For  devices  with  t  = 
100  A,  Voc  increased 
significantly  from 
0.14  V  to  0.91  V, 
while  ®c«r  decreased 


from  5.0  eV  (Au)  to  3.7  eV  (Mg:Ag),  as  shown  in  Fig.  4a.  Different  cathode  optical  properties 
shift  the  optical  field  distribution,  therefore  changing  the  responsivity.  The  power  conversion 
efficiency  has  a  maximum  at  2.23  ±  0.06%  for  Mg:Ag  cathodes  and  t=500  A  M0O3  (see  Fig.  4b). 
The  decrease  in  results  in  an  increased  Eu  (from  -1.9X107  V/m  for  Au  to  1.2X107  V/m  for 
Mg:  Ag),  leading  to  a  higher  Voc ■  The  built-in  field  for  the  Au-cathode  devices  is  negative,  giving 
rise  to  an  increased  electron  leakage.  Hence,  the  increase  in  t  shows  a  much  more  dramatic 
impact  on  Voc  (from  0.91  V  to  1.02  V  for  Mg:Ag  and  from  0.14  V  to  0.7  V  for  Au).  We 
conclude  that  to  achieve  a  high-efficiency  inverted  cell,  the  electrodes  must  be  chosen  such  that  a 
sufficiently  high  Ebi  is  provided  based  on  the  energy  levels  of  the  photoactive  layers  and  the 
contacts,  and  the  electron  leakage  is  effectively  suppressed. 

Note  that  there  currently  is  disagreement  as  to  the  assignment  of  the  energy  levels  of 
M0O3.  For  example,  there  are  reports  that  the  conduction  and  valence  band  energies  of  M0O3 
are  at  Ec  =  2.3eV  and  Ev  =  5.2-5. 3  eV21’22,  while  more  recently,  Ec  =  6.7  eV  and  Ev  =  9.7  eV23 
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have  been  reported.  Since  photoelectron  spectroscopy  used  to  measure  these  energies  is  sensitive 
to  factors  such  as  surface  conditions  and  the  presence  of  inter-gap  defect  states,  variations  in 
source  materials  and  sample  preparation  conditions  may  lead  to  this  discrepancy.  Previously9, 
where  the  growth  conditions  were  nearly  identical  as  in  this  work,  M0O3  was  used  as  an  electron 
blocking  layer  in  organic  solar  cells  with  transport  properties  similar  to  those  from  an  organic 
(SubPc)  blocking  layer  where  its  HOMO  energy  is  5.6  eV  and  its  LUMO  is  at  3.6  eV.  Therefore, 
we  conclude  that  it  is  likely  that  the  M0O3  film  reported  here  has  Eq  =  2.3  eV  and  Ey=  5.3  eV, 
consistent  with  earlier  reports.  This  assignment  is  consistent  with  measurements  made  in  our 
laboratory,  and  to  be  reported  elsewhere. 


Table  1.  Inverted  solar  cell  performance  for  the  structure:  glass/Mg:Ag  1000  A/Ceo  500  A/SubPc 
90  A/M0O3 1 A/ITO  400  A  under  simulated  1  sun,  AM1.5G  illumination. 


t(A) 

R  (A/W) 

Voc(V) 

Voc(V) 

calculated 

'//,(%) 

n 

Js 

(mA/cm2) 

100 

0.030 

0.78 

0.87 

1.21  ±0.05 

2.6  ±0.06 

7.6  x  10'6 

300 

0.042 

1.02 

1.15 

2.4  ±0.2 

2.4  ±  0.04 

3.6  xl0‘8 

500 

0.038 

1.00 

1.15 

2.23  ±0.06 

2.4  ±0.01 

3.6  x  10'8 

700 

0.029 

1.00 

1.10 

1.6  ±0.1 

2.7  ±0.01 

4.0  x  10~7 

In  summary,  2.4  ±  0.2%  power  efficiency,  inverted  small  molecule  organic  photovoltaic 
cells  have  been  demonstrated  for  this  program.  We  have  shown  that  an  organic  cathode  buffer 
layer  is  not  necessary  in  either  conventional  or  inverted  planar  SubPc/Ceo  OPVs.  The  inverted 
device  performance  can  be  substantially  improved  by  employing  a  compound  M0O3/ITO  anode 
that  suppresses  electron  leakage  while  maximizing  the  incident  optical  field  intensity  in  the 
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donor/acceptor  interface  region.  The  work  function  of  layers  adjacent  to  the  donor  or  acceptor 
plays  an  important  role  in  determining  the  Voc- 
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